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RECOVERY OF OXYGENATED IGNITABLE LIQUIDS FROM MOCK FIRE 
DEBRIS UTILIZING ZEOLITE 13X 
 
 
BRITTANY SHARYN FOX 
 
 
ABSTRACT 
The detection and identification of the oxygenated class of ignitable liquids 
is a complex issue for the fire debris analyst. The oxygenated compounds are 
difficult to recover using traditional analytical techniques since their chemical 
characteristics are vastly different from those of the petroleum products that 
compose the majority of the ignitable liquid classes. Previous research has 
demonstrated that the use of zeolite 13X as an adsorbent in heated passive 
headspace concentration provides increased recovery of oxygenated compounds 
in comparison to the conventional activated charcoal adsorbent. 
This hypothesis was further tested in this work using more realistic 
casework scenarios. Various carpet, carpet padding and wood types were 
utilized in a number of burn conditions in order to determine if any substrate 
interferences were present; as well as to monitor the recovery of oxygenated 
compounds from these substrates using the proposed zeolite extraction method. 
The substrates explored did not contribute significant background interference to 
complicate the identification of the oxygenated compounds. In addition, small 
volumes of the oxygenated ignitable liquids were easily recovered and identified 
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from all burn states using the zeolite method. A dual-mode extraction with both 
zeolites and activated charcoal strips as adsorbents was utilized with mixtures of 
oxygenated compounds and petroleum products to determine if a variety of 
ignitable liquid classes could be detected and identified in the presence of a 
variety of substrate matrices within a single extraction protocol. The dual-mode 
extraction showed that both the oxygenated compounds and petroleum products 
could be detected and identified using a single extraction protocol in the 
presence of various substrate matrices. Lastly, an experiment was devised to 
compare the recovery of the oxygenated compounds using various total available 
surface areas of both zeolites and activated charcoal strips in order to determine 
which adsorbent exhibits a greater recovery when all other experimental 
conditions remain constant. When the surface areas were equalized between the 
zeolites and activated charcoal strips, the activated charcoal exhibited a greater 
recovery of the oxygenated compounds. However, the cost effectiveness of the 
zeolites allows for a greater amount of zeolite beads to be used in order to 
achieve the same recovery as the activated charcoal strips for a much lower 
price. Therefore, the findings from this work, in combination with previous 
research, continue to support the use of zeolite 13X as an alternative adsorbent 
for the recovery of oxygenated ignitable liquids from fire debris evidence. 
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1 INTRODUCTION 
1.1 Arson and Fire Debris Analysis 
In 2012 alone, law enforcement agencies throughout the United States 
reported a total of 45,460 suspected arsons, resulting in almost 600 million 
dollars of property damage. 1 Arson is a very serious and dangerous property 
crime, but typically has less than a 20% nationwide clearance rate every year. 1-3 
Arson is considered one of the easiest types of crimes to commit but one of the 
most difficult types of crimes to prosecute. 4 Firstly, identification of a suspect is 
challenging due to a lack of eyewitness accounts. Secondly, motive or intent is 
difficult to identify and prove, but is necessary in order to convict for crimes of 
arson, since the crime by definition must be willful or malicious. 5 As a result of 
these circumstances, and most importantly with regard to forensic science, there 
is a heavy reliance on circumstantial evidence recovered from the crime scene 
investigation and the link of this evidence to a possible suspect.3 
Most physical evidence associated with arson is difficult to identify and 
retrieve due to the destructive nature of the crime. 6,7 However, porous building 
materials have the ability to absorb ignitable liquids and protect them from the 
heat of the fire.  As a result, the type of evidence collected from a fire scene is of 
considerable importance to the investigation of an arson case. 4 Substrates such 
as wood and carpeting are ideal due to their porosity and surface area for 
absorption of ignitable liquid residues, and typically make up over half of all fire 
debris submissions. 4 Although not all intentionally set fires use an ignitable 
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liquid, and the presence of an ignitable liquid doesn’t necessarily prove that the 
fire was arson, the detection and identification of ignitable liquids is one of the 
most forensically relevant areas of fire debris analysis and arson investigation. 4 
Therefore, the proper handling and treatment of fire debris evidence by the 
laboratory is vital to identify any ignitable liquid residues that may be present. 
Another major consideration in the process of fire debris analysis is how 
the substrate itself may contribute and interfere with the detection and 
identification of any ignitable liquid residues present. Substrate interferences fall 
into two major categories: compounds inherently present in the substrate 
material and products of incomplete combustion (also known as pyrolysis 
products). 8,9 Pyrolysis is the process by which a solid or liquid material 
undergoes thermal degradation in the absence of oxygen and produces smaller 
gaseous molecules. 10,11 Both the inherently present compounds and the 
products of incomplete combustion can make it challenging for an analyst to 
determine whether or not an ignitable liquid is present in the substrate. 11,12 
Various types of interferences, ranging from low molecular weight volatiles to 
heavier components of petroleum products, have been reported to occur from a 
large number of substrates. 4,8,13,14 Some substrates will produce more 
interference than others, however when given an unknown sample, there is no 
way to predict what type of interference may be generated by the substrate. As a 
result, it is important to examine comparison samples of the substrate in 
question. 8 This can be difficult to accomplish depending on the circumstances of 
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the scene and the extent of the damage. However, whenever possible, 
exemplars of the same substrate taken from different areas of the scene should 
also be collected and analyzed to account for any interferences. 
There are numerous acceptable analytical methods capable of extracting 
and concentrating ignitable liquid residues from evidence samples including 
solvent extraction, solid phase microextraction, dynamic headspace sampling 
and passive headspace concentration. 4,15-18 Heated passive headspace 
concentration is the method most commonly employed by crime laboratories 
today for the analysis of fire debris evidence. 19,20 The technique involves heating 
the sample in a sealed container with an adsorbent material suspended in the 
headspace. 19,20 Compounds are eluted from the adsorbent by extracting with a 
minimal amount (typically 50-1000 µL) of solvent, and the extract is analyzed on 
a gas chromatograph-mass spectrometer (GC-MS) instrument. 21 The GC-MS 
instrument will then separate all chemical components contained in the solvent 
and fragment them for identification purposes.  A combination of the total ion 
chromatogram (TIC) pattern and the compounds identified by the MS 
fragmentation patterns can help to determine whether an ignitable liquid was 
present, and if so what classification it belongs to.  
Ignitable liquids can be classified into eight categories based on their 
chemical components: gasoline, petroleum distillates, isoparaffinic products, 
aromatic products, naphthenic-paraffinic products, normal-alkanes products, 
oxygenated solvents and others-miscellaneous. 21 The majority of ignitable 
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liquids are derived from petroleum products, including gasoline and diesel. Two 
of the classifications, however, are not derived from petroleum products, and 
have vast structural differences compared to the other classes. Oxygenated 
solvents and other miscellaneous products differ from the typical petroleum 
classes in that they do not produce recognizable patterns in the TIC to aid in 
identification, and they tend to be composed of much smaller and lighter 
compounds. 
 
1.2 Zeolites 
Although activated charcoal strips (ACS) are typically the adsorbent 
utilized in heated passive headspace concentration, they are not the ideal 
material for the non-petroleum derived products such as oxygenated solvents.13 
This is due to the differences in physical characteristics between the adsorbent 
and the chemical properties of the analyte. The ACS is non-polar and therefore 
has a higher affinity for non-polar compounds compared to polar compounds; 
which makes it ideal for petroleum products, but a poor choice for oxygenated 
compounds. However, previous research conducted in succession by St. Pierre, 
Gugliotta and Rodgers has shown that zeolites show distinct promise as an 
alternative adsorbent for heated passive headspace concentration of oxygenated 
compounds.22-24 
Zeolites are alumino-silicate crystalline materials that have uniform 
molecular sized pores. 25,26 These molecular sized pores provide the zeolites with 
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very large surface areas for adsorption. 27 Exhibiting both catalytic and exchange 
properties, zeolites are widely used as adsorbents in chemical processes to 
remove impurities as well as to remove trace volatile organic pollutants from air 
and water. 25-30 The zeolites are capable of adsorption both on the external 
surface and within the pores through intermolecular forces including but not 
limited to van der Waals forces, hydrogen bonds, and dipole-dipole interactions. 
26-28 Charge balancing cations present within the crystalline framework can 
induce dipoles within analyte molecules, causing more polar molecules to 
interact strongly with the zeolite surface. 25,26 The physical adsorption process is 
completely reversible, and the rate of adsorption is controlled by factors such as 
pore diameter, molecular size, adsorption temperature, and the strength of 
intermolecular forces between the zeolite surface and the analyte. 25,26 Based on 
these physical properties, zeolites would be more suitable for the adsorption of 
polar oxygenated compounds compared to activated charcoal strips. 
 
1.3 Previous Research 
St. Pierre’s research was able to identify a specific type of zeolite, 13X, 
which showed favorable recovery of acetone in comparison to traditional ACS 
adsorbents. A determination of the number of zeolite beads to maximize recovery 
was made as well as some initial exploration into the desorption solvent. 24 
Gugliotta furthered this research by exploring the reproducibility of the extraction 
technique proposed by St. Pierre with an expansion of the analytes to include 
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methanol, ethanol and isopropanol in addition to the previously studied acetone. 
In addition, some preliminary experiments studying competitive adsorption of 
both oxygenates and petroleum products with both zeolites and ACS as 
adsorbents were conducted. 22 Rodgers expanded upon the idea of competitive 
adsorption, initially studied by Gugliotta, by showing that when petroleum 
products and oxygenated compounds were extracted simultaneously by both 
zeolites and ACS, the oxygenated compounds were preferentially recovered by 
the zeolites and the petroleum products were preferentially recovered by the 
ACS. A double-blind study was also conducted by Rodgers, which resulted in an 
88% correct identification of ignitable liquids present utilizing both zeolites and 
ACS as adsorbents.23 The two ignitable liquids that were not correctly identified 
were a light petroleum distillate that was in the presence of a medium petroleum 
distillate, and methanol, which was used as the desorption solvent. 
Both St. Pierre and Gugliotta conducted introductory experiments using 
pine as a substrate in various burn conditions to see how the substrate matrix 
may affect the recovery of the oxygenated compounds with the zeolites 
compared to the ACS. Although previous studies have demonstrated this 
technique to be reproducible for detection and identification of small polar 
molecules within the laboratory, more research is needed to validate this method 
with more realistic sample sets that mimic fire debris casework. 
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1.4 Purpose 
The objective of this research was to utilize the heated headspace 
concentration method with zeolite packets that was developed by St. Pierre, 
Gugliotta, and Rodgers on mock evidence samples to determine whether or not 
this method still proves reliable and reproducible for improved recovery and 
identification of oxygenated compounds in the presence of various substrates. 
Substrates that were explored include three different varieties of carpet with two 
different types of carpet padding, and three different varieties of wood. These 
substrates were chosen since they meet the necessary characteristics for the 
absorption of ignitable liquid residues and are frequently submitted to crime 
laboratories as fire debris evidence.10 The analytes chosen for this study were 
ethanol, acetone and isopropanol since they are small, polar, oxygen-containing 
compounds that would likely be found in a number of commercially available 
products that could be used as ignitable liquids. 13,31-33 
The substrates were subjected to numerous burn conditions in order to 
determine substrate contribution and analyte recovery in various states. A dual 
extraction method utilizing both zeolite packets and activated charcoal strips was 
also explored on mock evidence samples containing both oxygenated 
compounds and petroleum products to see if a range of classes of ignitable 
liquids could be detected and identified using a single extraction protocol. The 
total available surface areas for each adsorbent were also normalized to 
determine which adsorbent was capable of recovering a greater amount of the 
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oxygenated compounds with all other experimental factors, such as spiking 
volume, extraction time and temperature, desorption solvent, volume and time, 
held constant. 
  9 
2 EXPERIMENTAL 
2.1 Materials 
BWay 32 ounce (oz.) and 16 oz. metal paint cans with lids, and Personna 
American Safety Razor Co. 0.009 aluminum back regular duty single edge razor 
blades were obtained from Fisher Scientific, Pittsburgh, PA. Unwaxed dental 
floss was obtained from CVS/pharmacy®. Standard #1 paper clips were obtained 
from Office Depot®. Perfect Paper Tea Filters were obtained from Teavana®, 
Atlanta, GA. Zeolite 13X was obtained from ZeoChem LLC, Louisville, KY (Z10-
03 size 8x2 Lot # L110503B). Activated charcoal strips (lot numbers 052311 and 
121112) were obtained from Albrayco Technologies Inc., Cromwell, CT. Regular 
unleaded gasoline (87 octane rating) was obtained from a local Hess station. 
Kingsford charcoal lighter fluid (lot number 60961.100A) and diesel fuel were 
both present in the laboratory at the start of the research project. The oven used 
for heated passive headspace concentration was a Thermo Electron Corporation 
Precision Econotherm Laboratory Oven. 
Samples of pine, white oak and maple were obtained from Anderson & 
McQuaid Co. Inc., Cambridge, MA. Carpet and carpet padding samples were 
obtained from The Home Depot® (see Tables 1 and 2 for descriptions). 
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Table 1. Carpet Manufacturer Information. 
 Carpet #1 Carpet #2 Carpet #3 
Manufacturer Beaulieu of 
America® 
Shaw Floors® Engineered Floors 
LLC 
Type Loop Twist Texture 
Style/Color Laredo Sagebrush Fireworks 
Explosion 
Thoroughbred II 
Chestnut  
Construction 100% BCF Olefin 100% BCF 
Polyester 
100% Solution 
Dyed Filament 
Polyester 
Price $0.55/ft2 $0.93/ft2 $0.95/ft2 
 
Table 2. Carpet Padding Manufacturer Information. 
 Carpet Padding #1 Carpet Padding #2 
Manufacturer TrafficMaster™ TrafficMaster™ 
Material Recycled Foam Recycled Foam 
Thickness 5/16 in. 7/16 in. 
Compatible Carpet Types Loop Texture, Twist, Pattern 
Price $0.55/ft2 $0.55/ft2 
 
Table 3. Chemical Grade Solvent Information. 
Chemical Manufacturer Lot Number Purity 
Methanol Fisher Scientific 114383 99.9% 
Ethanol Pharmco-Aaper KKL01F 95%* 
Isopropanol Fisher Scientific 070259 99.9% 
Acetone Acros Organics B0521257 99.5% 
1-Propanol Acros Organics 0812699 99.95% 
1-Butanol Fisher Scientific 073578 99.9% 
Carbon Disulfide Fisher Scientific 110433 99.99% 
*Ethanol was denatured with 5% methanol.  
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2.2 GC-MS Parameters 
Table 4. Gas Chromatography Specifications. 
GC Manufacturer & Model Agilent 7890A 
Carrier Gas Helium 
Column Manufacturer & Model J&W HP-5MS 
Restek Rxi-5MS 
Column Stationary Phase 5% diphenyl polysiloxane, 95% 
dimethyl polysiloxane 
Column Length 30 m 
Column Internal Diameter 250 µm 
Column Film Thickness 0.25 µm 
 
Table 5. Mass Spectrometry Specifications. 
MS Manufacturer & Model Agilent 5975C Inert XL EI/CI MSD 
Ion Source Type Electron Impact 
Ion Source Voltage 70 eV 
Mass Analyzer Quadrupole 
Mode Scan 
Detector Electron Multiplier 
 
Table 6. Oxygenated Compound Method Specifications. 
Method Name BFEmArson1IsoMeOH.M BFEmArson2IsoMeOH.M 
Injection Volume 1 µL 1 µL 
Split Ratio 20:1 20:1 
Injection Port 
Temperature 
250°C 250°C 
Pressure 4.76 psi 4.76 psi 
Flow Rate (Constant) 0.8 mL/min 0.8 mL/min 
Oven Temperature 40°C (Isothermal) 40°C (Isothermal) 
Run Time 4 minutes 4 minutes 
Solvent Delay 1.55 minutes* 1.68 minutes* 
Scan Parameters 31-350 amu 31-350 amu 
*Solvent delays were adjusted accordingly with instrument maintenance. 
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Table 7. Petroleum Product Method Specifications. 
Method Name BFEmArson1CS2.M BFEmArson2CS2.M 
Injection Volume 1 µL 1 µL 
Split Ratio 20:1 20:1 
Injection Port 
Temperature 
250°C 250°C 
Pressure 4.76 psi 4.76 psi 
Oven 
Temperature 
40°C for 4 mins, then 
10°C/min to 280°C for 2 mins 
40°C for 4 mins, then 
10°C/min to 280°C for 2 mins 
Run Time 30 minutes 30 minutes 
Solvent Delay 1.30 minutes 1.30 minutes 
Timed Events Detector OFF @ 1.74 mins, 
Detector ON @ 2.00 mins* 
Detector OFF @ 1.86 mins, 
Detector ON @ 2.12 mins* 
Scan Parameters 31-350 amu 31-350 amu 
*Timed events were adjusted accordingly with instrument maintenance. 
 
2.3 Calibration Curves for Oxygenated Analytes 
 A seven point calibration curve was created for each of the three analytes 
(ethanol, acetone and isopropanol) utilizing 0.1, 0.5, 1, 2.5, 5, 7.5 and 10 µL/mL 
solutions of the analytes spiked neat into methanol for a total volume of 1 mL per 
solution. The solutions were created in triplicate, and aliquots of each solution 
were analyzed by GC-MS utilizing method BFEMArson1IsoMeOH.M. 
 
2.4 Preparation of Zeolite Packets and ½ ACS Adsorbents 
 Based on previous research by St. Pierre, approximately 64 zeolite beads 
were used per zeolite packet. The beads were weighed out to between 509 and 
512 mg total into a beaker. 24 The zeolite beads were then transferred to the 
bottom portion of an unused loose-leaf tea bag. The top portion of the tea bag 
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was folded over onto itself, and secured by threading a metal paper clip through 
the two layers. Finally, a piece of unwaxed dental floss was secured to the top of 
the paper clip by utilizing a double knot (Figure 1).  
 For the ½ ACS adsorbents, a full ACS was cut approximately in half using 
a single edge razor blade. A paper clip was then threaded through the top portion 
of the ½ ACS, and a piece of unwaxed dental floss was secured to the top of the 
paper clip by utilizing a double knot (Figure 1).20 
 
Figure 1. Heated Passive Headspace Concentration Experimental Setup for 
Zeolite Packets and Activated Charcoal Strips. 
Zeolite Packet 
Activated 
Charcoal Strip 
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2.5 Preparation of Substrates Under Various Burn Conditions 
 The selection of a specific type of zeolite, the optimization of the 
extraction, desorption and GC-MS procedures were excellent first steps in the 
development and validation of this novel method. The next logical step to further 
the research was to make realistic fire debris samples in order to determine if the 
results generated in previous studies could be replicated, and to evaluate the 
extraction efficiency of zeolite 13x utilizing fire debris samples. 
 2.5.1 Unburnt/Unspiked 
 The unburnt/unspiked condition serves as a substrate control in the 
substrate’s original and unchanged condition.  Any substances detected from the 
headspace extraction of the unburnt/unspiked substrate can be attributed directly 
to the substrate itself.  Analyzing a substrate sample along with any questioned 
evidence is a common practice in order to identify any contributions from the 
substrate itself, as opposed to substances that may have been added to the 
substrate, such as an ignitable liquid. For the preparation of the unburnt/unspiked 
samples, the substrate was placed at the bottom of a quart sized (32 oz.) metal 
paint can. A zeolite packet was suspended across the opening of the paint can, 
with portions of the unwaxed dental floss overhanging the edges of the can. The 
lid was secured into place by either lightly tapping with a rubber mallet (for carpet 
samples) or pressing the lid closed by hand (for wood samples). The lids were 
gently closed by hand for wood samples in an effort to not disturb the position 
and orientation of the sample after placement in the container. A total of three 
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replicate samples were examined for each of the six substrates along with a 
negative control. 
 2.5.2 Unburnt/Spiked 
 The unburnt/spiked condition serves to show if the ignitable liquid added 
to the substrate can be recovered by the zeolites in the heated headspace 
extraction and identified by GC-MS. For these preparations, the substrate was 
placed at the bottom of a quart sized paint can and 10 µL of either ethanol, 
isopropanol or acetone was deposited onto the approximate center of the 
substrate. A zeolite packet was suspended across the opening of the can and the 
lid was secured shut. A total of three replicate samples per analyte were 
examined for each of the six substrates along with a negative control. 
 2.5.3 Burnt/Unspiked 
 The burnt/unspiked condition functions as a second type of substrate 
control. Any of the compounds that are inherent to the substrate’s composition, 
as demonstrated by the unburnt/unspiked condition, may undergo a chemical 
change during the burning process of a fire. By analyzing the substrate in a 
burnt/unspiked condition, any products of incomplete combustion that adsorb to 
the zeolites in the headspace extraction can be identified. By identifying these 
potential interferences in the substrate control, the process of identifying any 
foreign components present in a questioned sample becomes less complicated. 
In order to prepare the burnt/unspiked samples, the top face of the substrate was 
burned in a chemical fume hood using a propane torch for a total of five seconds. 
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The substrate was then placed with the burnt side facing up at the bottom of a 
quart sized paint can. A zeolite packet was suspended across the opening of the 
can and the lid was secured shut. A total of three replicate samples were 
examined for each of the six substrates along with a negative control. 
 2.5.4 Burnt/Spiked 
 The burnt/spiked condition is important in order to see if substances 
added to the substrate can be recovered by the zeolites from the substrate in its 
burnt condition. Since there is the possibility of having product of incomplete 
combustion interferences from the burnt substrate, it is important to determine 
whether or not these interferences may preclude the identification of foreign 
compounds that are not inherent to the substrate. In order to prepare these 
samples, the top face of the substrate was burned in a chemical fume hood using 
a propane torch for a total of five seconds. The substrate was then placed with 
the burnt side facing up at the bottom of a quart sized paint can and 10 µL of 
either ethanol, isopropanol or acetone was deposited onto the approximate 
center of the burnt substrate. A zeolite packet was suspended across the 
opening of the can and the lid was secured shut. A total of three replicate 
samples per analyte were examined for each of the six substrates along with a 
negative control. 
 2.5.5 Spiked/Burnt 
 The final burn condition was the spiked/burnt condition, which differs from 
the burnt/spiked condition in the order of the processes. This condition most 
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similarly mimics a realistic fire debris sample because the substance is added to 
the substrate before the burning process occurs. Since ignitable liquids are used 
in order to accelerate the spread of a fire, they would be added to materials 
before the fire was set. As a result of the ignitable liquids being present during 
the burning process, some weathering and evaporation would be expected. The 
spiked/burnt condition is important to examine in order to determine if the 
ignitable liquids can still be recovered from the burnt substrate despite 
weathering and evaporation, and in the presence of any products of incomplete 
combustion from the substrate itself. For the preparation of the spiked/burnt 
samples, the substrate was placed at the bottom of a quart sized paint can and 
10 µL of either ethanol, isopropanol or acetone was deposited onto the 
approximate center of the substrate. The substrate was then removed from the 
can and placed with the spiked side facing up in a chemical fume hood where the 
top face of the substrate was burned for a total of five seconds using a propane 
torch. The substrate was placed back in the bottom of the paint can, with the 
spiked and burnt face oriented upwards. A zeolite packet was suspended across 
the opening of the can and the lid was secured shut. A total of three replicate 
samples per analyte were examined for each of the six substrates along with a 
negative control. 
 
  18 
2.6 Preparation of Substrates with Mixtures of Oxygenates and Petroleum 
Products 
 In casework samples, the analyst does not know whether or not an 
ignitable liquid is present in a sample until after the analysis is conducted. The 
currently accepted methodology for heated passive headspace concentration 
utilizing activated charcoal strips is useful for the recovery and identification of a 
variety of petroleum derived products, but is not necessarily an efficient mode of 
extraction for oxygenated products. If this method of extraction is to be employed 
by crime laboratories when only oxygenated products are present, there are two 
possible outcomes: further analysis in order to better recover and identify the 
oxygenates, or an inaccurate result that no ignitable liquids were detected. The 
proposal to execute a dual-adsorbent mode (Figure 2) in the heated passive 
headspace concentration would eliminate the need for a second round of 
extraction and provide a more comprehensive extraction, allowing for adsorption 
of all possible classes of ignitable liquids and thereby greatly reducing the rate of 
false negatives. 
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Figure 2. Experimental Setup for Heated Passive Headspace Concentration of 
Substrates with Mixtures of Oxygenated Compounds and Petroleum Products 
Using Both Zeolite Packets and Activated Charcoal Strips. 
 
 Although mixtures of petroleum derived products with oxygenated 
products may not be likely in real casework scenarios, they do serve as a good 
example of the possibilities for detection of all classes of ignitable liquids within a 
single heated passive headspace concentration. In an attempt to cover a wide 
variety of ignitable liquid classes, mixtures of oxygenates with gasoline, a 
medium petroleum distillate, and a heavy petroleum distillate were explored. Only 
the burnt/spiked condition was employed in this portion of the research in an 
effort to evaluate if the presence of products of incomplete combustion would 
Zeolite Packet and 
Activated Charcoal Strip 
Dual-Adsorption Mode 
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interfere with the adsorption and subsequent detection of the various types of 
ignitable liquids. 
 The substrate was burned for five seconds in a chemical fume hood using 
a propane torch. Then the substrate was placed burnt face up at the bottom of a 
quart sized paint can. A volume of 50 µL of either gasoline, charcoal lighter fluid 
or diesel was deposited onto the burnt face of the substrate, followed by 50 µL of 
either ethanol, isopropanol or acetone. A larger spiking volume was chosen for 
this study in comparison to the previous burn studies utilizing only the 
oxygenated compounds in an effort to avoid irreversible adsorption to the 
substrates that could inhibit detection. A zeolite packet and a ½ ACS were both 
suspended across the top of the quart sized paint can, and the lid was secured 
by either tapping lightly with a rubber mallet (for carpet samples) or hand 
pressing closed (for wood samples). A total of three replicate samples per 
oxygenate were examined for each type of petroleum product and for each of the 
six substrates. 
 
2.7 Heated Passive Headspace Concentration and GC-MS Analysis 
Heated passive headspace concentration was utilized for all sample 
preparations, following ASTM Standard guidelines. The paint cans were placed 
into an oven set to approximately 60°C for a total of 16 hours.18 
Following the optimized desorption parameters developed by St. Pierre 
and Rodgers, the zeolite beads from each individual zeolite packet were then 
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desorbed in 500 µL of methanol (MeOH) in a 4 mL vial for 15 minutes on a 
mechanical rocker. 23,24 The resulting solutions were transferred to glass inserts 
in GC-MS vials and analyzed utilizing the BFEMArson1IsoMeOH.M method for 
carpet samples or BFEMArson2IsoMeOH.M for wood samples (see Table 6 for 
method parameters). 
The ½ ACS were each desorbed in 500 µL of carbon disulfide (CS2) in a  
4 mL vial for 15 minutes on a mechanical rocker. 23 The resulting solutions were 
transferred to glass inserts in GC-MS vials and analyzed utilizing the 
BFEmArson1CS2.M method for carpet samples or BFEMArson2CS2.M for wood 
samples (Table 6). 
 
2.8 Recovery of Oxygenated Compounds as a Function of Varying Surface 
Areas 
 The aim of this experiment was to investigate how the amount of available 
surface area for adsorption affects the recovery of the oxygenated compounds 
comparing the zeolite beads to the ACS. A consensus does not exist in the 
literature regarding the surface area of the zeolite 13X molecular sieves. Table 8 
displays the various surface area values reported in the literature, which range 
from 403 to 809 m2/g. As a result, a median of the manufacturer reported surface 
area range (650-700 m2/g) for the zeolite beads employed in this work is utilized 
for zeolite surface area calculations in this experiment, whereas the literature 
reported surface area for the ACS (1128 m2/g) is used for ACS surface area 
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calculations. 34 Since the average weight of zeolite beads used in a single packet 
is 0.510 g, and the average weight of a ½ ACS is 0.0377 g, the available surface 
areas for both the zeolites and the ½ ACS are approximately 344.35 m2 and 42.5 
m2 respectively. As a result, it is possible that the improved recovery of the 
oxygenates by the zeolites, that was previously observed by St. Pierre, Gugliotta 
and Rodgers, is a function of the zeolites having more than eight times the 
available surface area of the ½ ACS. It was therefore necessary to compare the 
recovery of oxygenated compounds by varying amounts of zeolite beads and 
ACS to obtain a better understanding of how the amount of available surface 
area affects the recovery for each of the two different adsorbent types. 
Table 8. Reported Surface Area Values for Zeolite 13X from Various Literature 
References. 
Literature Reference Reported Surface Area for Zeolite 13X (m2/g) 
Diaz, et al.28 571 
Wu, et al.29 441.34 
Vyas, et al.35 754 
Zeni, et al.36 403 
Li, et al.37 445.5 
Siriwardane, et al.38 506 
Franchi, et al.39 800 
Yang, et al.40 809 
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Figure 3. Experimental Setup for Varying Surface Areas of Zeolites and Activated 
Charcoal Strips 
 
For this experiment, quantities of 16, 32 and 64 zeolite beads were 
counted, weighed, and poured into the loose-leaf tea bag zeolite packet that has 
been used throughout this project. In addition, quantities of 1, 2 and 3.5 ACS  
were counted, weighed and each strip was pierced with a paper clip, with all the 
paper clips being tied together by the unwaxed dental floss (Figure 3). Then 100 
µL of either ethanol, isopropanol or acetone was deposited onto a clean 
Kimwipe™ at the bottom of a pint sized (16 oz.) paint can. This unusually large 
spiking volume (ten times more than what was used to spike substrates for 
various burn conditions) was chosen in an effort to avoid near 100% recovery by 
the lower amounts of adsorbents. If a smaller spiking volume could be fully 
recovered by the lowest amount of adsorbent (ie. 16 beads or 1 ACS), then no 
Zeolite 
Packets 
Activated 
Charcoal 
Strips 
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increased recovery would be observed for the greater amounts of adsorbents. 
This situation could provide false data about the adsorbents’ abilities to recover 
analytes at increasing total available surface areas. Instead, the goal was to 
reach a saturation point for the lower amounts of adsorbents, so that greater 
recoveries would be observed, as expected, with greater total available surface 
areas. As a result, a large spiking volume was employed to circumvent this 
potential issue. Either a zeolite packet or the ACS were suspended across the 
top of the paint can and the lid was secured shut. The cans were heated in the 
oven for 16 hours at approximately 60 °C. 18 Each of the adsorbents was then 
desorbed in 2.5 mL of MeOH for 15 minutes on the mechanical rocker. This 
unusually large desorption volume (five times more than what was utilized in 
previous experiments) was employed as a result of the large physical size of 3.5 
ACS. A volume large enough to sufficiently desorb any compounds from the 3.5 
ACS was needed, and it was determined that 2.5 mL could completely submerge 
the ACS when the vial was oriented horizontally on a mechanical rocker. The 
desorption volume chosen needed to be kept consistent throughout all samples 
despite the different sizes of the adsorbents used so that the concentrations of 
the oxygenates in the desorption solutions would not be skewed. The resulting 
solutions were transferred to glass inserts in GC-MS vials and analyzed utilizing 
method BFEMArson2IsoMeOH.M (Table 6). A total of three replicate samples 
per analyte were examined for each of the six adsorbents (three amounts of 
zeolite beads and three amounts of ACS). 
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3 RESULTS AND DISCUSSION 
3.1 Analyte Calibration Curves 
 Although quantitation is not typically performed in the analysis of ignitable 
liquids, it is still good practice in the initial stages of process validation to ensure 
that the intended analytes can be detected over the target concentration range, 
and that the instrumental response varies directly with analyte concentration. 
Figure 4 shows the calibration curves for each of the three oxygenated 
compounds by GC-MS analysis. All three analytes show good linear regressions 
over the concentration range of 0.1 µL/mL to 10 µL/mL with coefficients of 
determination of approximately 0.99 for each analyte. The data is reproducible, 
with error bars representing plus and minus one standard deviation barely visible 
for most data points.  
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Figure 4. GC-MS Calibration Curves of Oxygenated Compounds of Interest in 
Neat Solutions of Methanol: a.) Ethanol, b.) Isopropanol, c.) Acetone. 
 
3.2 Carpet Burn Conditions 
 3.2.1 Unspiked Substrate Controls 
The carpet substrate controls do not show cause for interference 
concerns. Carpet #1 paired with carpet padding #1 displays trace amounts of 1-
butanol in both the unburnt and burnt conditions, as well as low levels of acetic 
acid in the burnt condition. Carpet #2 paired with carpet padding #2 does not 
display any detectable compounds in the unburnt condition, but has trace 
amounts of 1-butanol in the burnt condition. Carpet #3 paired with carpet padding 
#2 displays trace amounts of 1-butanol in both the unburnt and burnt conditions. 
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None of the carpets or carpet paddings were analyzed individually to determine if 
these contributions could be attributed to either the carpet or the carpet padding 
specifically. All of these peaks, though slightly noticeable in the controls, are not 
of significant abundance compared to the baseline and do not cause concern of 
interference in sample analysis. The ASTM E 1618 cautions that for identification 
of an oxygenated solvent there should be a large excess of the compound (10 
times) in comparison to other peaks in the chromatogram before considering a 
finding of an oxygenated solvent significant.21 None of the peaks identified from 
these substrate controls are noticeable when 10 µL of an oxygenated ignitable 
liquid is spiked and recovered from the substrates. 
3.2.2 Spiked Conditions 
Figure 5 shows comparisons of the recoveries of the three oxygenated 
compounds in the spiked conditions within each carpet type. It is important to 
note that two different types of carpet padding were employed in conjunction with 
the three different types of carpet, with the pairings based on manufacturer 
recommendations (Tables 1 and 2). The y-axis of this figure represents the 
average peak area recovered for each analyte divided by the peak area of a 
standard for that analyte. For example, the average peak area of ethanol 
recovered in the unburnt/spiked condition for carpet #1 was divided by the peak 
area of the ethanol standard that was analyzed on the same day. The standards 
were analyzed each time that samples were analyzed in order to account for 
variations in instrument response over time. The error bars in the figure represent 
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plus or minus one standard deviation. Generally, the burnt/spiked condition 
provides the highest recovery of the oxygenated compounds. Since the spiking 
volume and extraction conditions were kept constant for each burn condition, the 
variation in recovery can be attributed to the various burn states of the carpet. 
Figure 5. Oxygenate Recoveries as a Function of Burn Condition for Three 
Different Carpet Types: a.) Carpet #1- Loop, b.) Carpet #2- Twist, c.) Carpet #3- 
Texture. 
 
 The physical appearance of the carpets in the unburnt versus burnt 
conditions provides a possible explanation for why the burnt condition would 
allow for a greater recovery of the ignitable liquids (with the exception of ethanol 
in carpets #2 and #3). In the burnt conditions, the fibers burnt down to the point 
of almost completely exposing the backing of the carpets (Figures 6-8). The 
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absence of the fibers could allow for minimal interference for the oxygenated 
molecules during the vaporization process, but more research is needed to 
support this finding.  
 
 
 
 
Figure 6. Images of Carpet #1 and Carpet Padding #1 in a-b.) Unburnt and c-d.) 
Burnt Conditions.  
a.) b.) 
c.) d.) 
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Figure 7. Images of Carpet #2 and Carpet Padding #2 in a-b.) Unburnt and c-d.) 
Burnt Conditions.  
 
Figure 8. Images of Carpet #3 and Carpet Padding #2 in a-b.) Unburnt and c-d.) 
Burnt Conditions. 
a.) b.) 
c.) d.) 
a.) b.) 
c.) d.) 
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In contrast, the spiked/burnt condition generally provides the lowest 
recovery of the oxygenated liquids. This observation is expected since the 
samples were burned in an open environment before being sealed into the paint 
cans for extraction. The high temperatures from the flames during the burning 
process are responsible for the vaporization of some of the oxygenated 
molecules. Those vaporized molecules become unavailable for experimental 
recovery since they are not trapped within the sample container used for 
extraction. Since a smaller number of molecules are present within the sample 
container for extraction, it is logical that a lower overall recovery is observed. 
There are a few anomalies in the data to these overall general 
observations. Carpet #2 and carpet #3 display greater recoveries of ethanol in 
the unburnt/spiked condition compared to the burnt/spiked condition. This 
observation deviates from the postulate that the presence of the carpet fibers 
produces interference for the vaporization of the oxygenated molecules. In 
addition, the isopropanol data displays almost equal recoveries for the 
unburnt/spiked and burnt/spiked conditions for carpet #3. The immediate 
hypothesis given this set of data would be that the beads reach a saturation point 
with respect to the isopropanol. However, by comparing the normalized peak 
areas for isopropanol in carpet #3 to the normalized peak areas for isopropanol 
in the other two carpets, it is evident that greater recovery of isopropanol is 
possible, thereby disproving the saturation theory. Carpet #3 also displays almost 
equal recoveries of acetone in the unburnt/spiked and spiked/burnt conditions. 
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Carpet #3 seems to deviate the most from the general patterns observed. 
However, none of the deviations are consistent with all of the analytes or across 
all of the burn conditions. It is therefore difficult to formulate an accurate 
explanation for all of the observed anomalies. It is possible that slight variations 
in timing between spiking, burning (when applicable) and extraction could have 
contributed to some of these observed anomalies but additional research would 
be needed to support this hypothesis. 
Figure 9. Oxygenate Recoveries as a Function of Carpet Type for Three Different 
Burn Conditions: a.) Unburnt/Spiked, b.) Burnt/Spiked, c.) Spiked/Burnt. 
 
Figure 9 displays the data from Figure 5, grouped by burn condition rather 
than substrate type. Rather than each graph corresponding to one substrate, the  
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three substrates are compared within each graph for a given spiked condition. 
This arrangement allows for comparison of the substrates to one another for a 
given burn condition rather than comparison of burn conditions for a given 
substrate. In the unburnt/spiked condition (Figure 9a), the ethanol is recovered in 
the greatest amount, followed by isopropanol and lastly by acetone. The only 
exception to this is in carpet #1 where the ethanol is recovered in a similar 
amount to the acetone.  
 In the burnt/spiked condition (depicted in Figure 9b), carpet #3 shows a 
statistically significant decrease in recovery of all three oxygenated compounds 
compared to carpets #1 and #2. This observation implies that the burnt condition 
of carpet #3 is inhibiting the vaporization and recovery of the oxygenated 
compounds compared to the other carpets. Although some of the carpet fibers 
have burnt away in this condition, there could be some factor in either the 
composition or construction of the remaining fibers or the carpet backing that 
cause carpet #3 to either produce interference in the vaporization process or 
have a higher affinity for the oxygenated compounds, but more research is 
needed to support this conclusion. It is evident from Figures 6 and 8 that there 
are significantly more fibers present in carpet #3 after burning than in carpet #1. 
This supports the theory of the fibers being present causing interference. 
However, it is difficult to discern between Figures 7 and 8 whether or not carpet 
#3 has more fibers present after burning than carpet #2. 
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In the spiked/burnt condition (Figure 9c), carpet #3 exhibits the greatest 
recovery of all three analytes. Carpets #1 and #2 exhibit similar recoveries of the 
three analytes. This particular burn condition, however, is the most difficult to 
draw accurate conclusions from due to the open environment during the burning 
process. Although the burning process itself was timed and kept constant for all 
substrates, the amount of time between spiking and burning and between 
burning and sealing into the paint cans was not as controlled. It is possible that 
the process of burning and moving the samples from the chemical fume hood to 
the paint cans became more efficient with each sample set that was burned. 
Decreased amounts of time in which the oxygenated compounds were exposed 
to the open atmosphere would explain an increase in observed recovery. 
The other possibility, assuming that the amount of time the substrates 
were exposed to the open atmosphere was approximately equal, is that the 
burning of the carpet fibers produces variable amounts of vaporization of the 
oxygenated compounds for each type of carpet. The oxygenated compounds 
could either be shielded from the heat of the flame by the presence of the carpet 
fibers, or the compounds could have different affinities for the fibers versus the 
carpet backing. Both scenarios would result in different amounts of vaporization 
of the oxygenated compounds depending on the composition of the carpet, 
however more research is needed to determine by what mechanism the carpet 
structure affects the vaporization. 
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3.3 Wood Burn Conditions 
 3.3.1 Unspiked Substrate Controls 
The wood substrate controls do not show cause for interference concerns. 
Wood #1 displays trace amounts of acetic acid in the unburnt state, but nothing 
of note in the burnt state. Wood #2 also displays trace amounts of acetic acid in 
both the unburnt and burnt states. Wood #3 displays trace amounts of 1-butanol 
in the unburnt state, but nothing of note in the burnt state. All of these peaks, 
though noticeable in the controls, are not of significant abundance compared to 
the baseline and do not cause concern of interference in sample analysis. Since 
the ASTM E 1618 cautions that an oxygenated peak should be considerably 
more abundant (10 times) than the rest of the peaks in the chromatogram, the 
presence of these trace amounts would not be strong enough for an analyst to 
identify an oxygenated solvent in these controls.21 None of these peaks are 
noticeable when 10 µL of an oxygenated ignitable liquid is spiked and recovered 
from the substrates. 
3.3.2 Spiked Conditions 
Figure 10 depicts comparisons of the recoveries of the three oxygenated 
compounds in the spiked conditions within each wood type. In general, all wood 
types show approximately equal recoveries of the oxygenated compounds in the 
unburnt/spiked and burnt/spiked conditions. This observation implies that the 
oxygenated compounds have the same affinity for the wood regardless of 
whether it is in an unburnt or burnt state. This trend is counterintuitive since a 
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layer of charcoal is formed on the surface of the wood upon burning the wood 
samples. It would have been expected that the burnt wood surface would have 
provided for better adsorption of the oxygenates compared to the unburnt wood 
surface.4 It is possible that a greater variation in recoveries of the oxygenates 
between the burnt and unburnt wood samples would have been recorded if the 
duration of burning had been extended, allowing for more charcoal to form on the 
surface of the wood samples. The only notable exception to this trend is a 
statistically significant increased recovery of isopropanol and acetone in the 
burnt/spiked condition compared to the unburnt/spiked condition for wood #2. 
This observation implies that the isopropanol and acetone have a higher affinity 
for wood #2 in the unburnt state compared to the burnt state. 
Extending the same trend observed with the carpet samples, the 
spiked/burnt condition for all wood substrates shows a statistically significant 
decrease in recovery of the oxygenated ignitable liquids compared to the 
unburnt/spiked and burnt/spiked conditions. Again, this was expected and can be 
attributed to evaporation of the oxygenated compounds during the burning  
process. However, it is notable that the compounds were still detectable for all 
substrates, even with only 10 µL of the ignitable liquid spiked prior to burning.  
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Figure 10. Oxygenate Recoveries as a Function of Burn Condition for Three 
Different Wood Types: a. Wood #1- Pine, b.) Wood #2- White Oak, c.) Wood #3- 
Maple. 
 
Figure 11 depicts the same data as Figure 10, but is presented comparing 
all three substrates within each graph for a given spiked condition. There is a 
statistically significant difference in recovery of all three analytes for all three 
wood types in the unburnt/spiked condition, with wood #1 showing the greatest 
recovery, wood #2 showing the least recovery, and wood #3 showing median 
recovery. This data suggests that wood #2 displays the highest affinity for all 
three oxygenated compounds, whereas wood #1 displays the lowest affinity for 
all three oxygenated compounds. In the burnt/spiked condition, wood #1 still 
displays the highest recovery of the isopropanol, however woods #2 and 3 
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display similar recoveries of the isopropanol. With respect to ethanol in the 
burnt/spiked condition, wood #2 shows a statistically significant decrease in  
recovery compared to woods #1 and #3. This data supports that wood #2 has a 
higher affinity for isopropanol and ethanol than woods #1 and #3. Finally, 
acetone displays a statistically significant decrease in recovery for wood #3, but 
similar recoveries for woods #1 and #2. This data implies that in the burnt/spiked 
condition, wood #3 has the highest affinity for acetone. 
Figure 11. Oxygenate Recoveries as a Function of Wood Type for Three 
Different Burn Conditions: a.) Unburnt/Spiked, b.) Burnt/Spiked, c.) Spiked/Burnt. 
 
 The spiked/burnt condition displays three different trends. Overall, wood 
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with respect to isopropanol, wood #3 displays a statistically significant increase in 
recovery compared to wood #1. As previously stated, this burn condition is the 
most difficult to ascertain accurate explanations from since the process was 
inherently more variable. However, if it is assumed that variations between 
samples were minimal, then the data suggests that wood #2 displays the highest 
affinity for all analytes, which is supported by the data from the unburnt/spiked 
condition. 
 
3.4 Mixtures of Petroleum Products and Oxygenates on Carpet Substrates 
The purpose of these experiments was to assess the ability to detect 
numerous classes of ignitable liquids with good recovery from substrate matrices 
by using two different types of adsorbents simultaneously. Research conducted 
by Rodgers indicated that this dual-adsorbent mode was successful in detecting 
and identifying numerous classes of ignitable liquids in the absence of complex 
substrate matrices.23 The significance of this hypothesis, if proven, is the ability to 
limit the number of consecutive extraction techniques required in casework 
samples, since the type of the ignitable liquid, if present, is unknown. It is 
important to note that for the GC-MS analysis of the zeolite extracts, a short, 
isothermal method was utilized for the sole purpose of detecting the oxygenated 
compounds, whereas for the analysis of the ACS extracts a longer, gradient 
temperature method was utilized in order to detect all of the petroleum products. 
For this reason, the oxygenated compounds could be detected from both 
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extracts, whereas the petroleum products could only be detected from the 
charcoal strips. 
 3.4.1 Gasoline 
Figure 12 displays the recovery of both the oxygenates and major 
petroleum compounds in gasoline for the three different carpet types. The graph 
contains a set of six series; three of which are the mixtures of each oxygenate 
with gasoline being recovered by the zeolites desorbed in MeOH, and the other 
three of which are the mixtures of each oxygenate with gasoline being recovered 
by a half charcoal strip desorbed in CS2. It is important to note that these 
recoveries were taking place simultaneously, resulting in a competitive 
adsorption scenario. This set of data shows that the oxygenated compounds are 
recovered preferentially by the zeolites, whereas the hydrocarbons from the 
gasoline are recovered preferentially by the ACS. This finding supports the 
previous observations by Rodgers in her competitive adsorption study23, and 
further shows that the presence of substrates does not alter the recoverability of 
either class of compounds by either of the adsorbents.  
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Figure 12. Oxygenate and Selected Hydrocarbon Recoveries from Mixtures with 
Gasoline as a Function of Adsorbent in Dual-Mode Extraction for Three Different 
Carpet Types: a.) Carpet #1- Loop, b.) Carpet #2- Twist, c.) Carpet #3- Texture. 
 
It is also of interest to note, with respect to the gasoline, that small 
amounts of ethanol were recovered in all sample mixtures. This is due to the 
presence of ethanol within gasoline mixtures in small percentages, usually less 
than 10%.41 The additional recovery was most notable in the mixtures of 
isopropanol and gasoline, since isopropanol and ethanol are fully resolved under 
the GC-MS parameters that were employed for analysis of the zeolite extracts. 
Distinct peaks for both isopropanol and ethanol could be seen under this 
condition (denoted by the red bars in Figure 12).  
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With regard to mixtures of acetone with gasoline, the GC-MS parameters 
employed for the zeolite extracts did not allow for resolution of acetone and 
ethanol peaks. This resulted in a single peak for the recovery of both the acetone 
and the ethanol that was contributed from the gasoline. In an attempt to separate 
the contribution of the ethanol in the gasoline from the acetone, an extracted ion 
chromatogram (EIC) was created for m/z 46; which is present in the mass 
spectrum of ethanol, but not in the mass spectrum of acetone. This method 
provided some data for the possible contribution of ethanol (represented by the 
green bars in Figure 12), although without employing a different GC-MS method 
capable of resolving ethanol and acetone there is no way to assess the accuracy 
of the EIC in estimating the contribution from the ethanol. 
Obviously for mixtures of gasoline with ethanol, only one peak is observed 
for the combined recovery of the pure ethanol and the ethanol contributed from 
the gasoline. Since pure gasoline was not extracted utilizing the dual-adsorbent 
mode in this study, there is no way to discern how much of the peak was due to 
the contribution of ethanol from the gasoline. However, this observation raises an 
interesting point, because if pure gasoline were to be extracted utilizing both 
zeolites and an ACS, it would then be expected that the zeolite extract would 
provide a peak for ethanol, whereas the ACS extract would yield the typical TIC 
profile of gasoline. It would be of importance for the analyst to keep this in mind, 
so that they would not necessarily assume that both ethanol and gasoline were 
present. Although mixtures of oxygenates and petroleum products would not 
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necessarily be expected in practical casework, more detailed studies would need 
to be conducted in order to determine a potential threshold to differentiate pure 
gasoline from a mixture of gasoline and ethanol. This dual-mode heated passive 
headspace extraction could also provide a simple technique for identification of 
alternative fuels such as E85 that are characterized by a higher percentage of 
ethanol (85%) than typical gasoline. 42 However, calibration curves to distinguish 
ratios of ethanol recovery compared to hydrocarbon recovery would need to be 
established in order to determine if this technique would be viable. 
All three of the oxygenated compounds were detectable by the GC-MS 
parameters employed for the ACS extract. However, since the oxygenated 
compounds were recovered preferentially by the zeolites, only trace amounts of 
each oxygenated compound were detected in the ACS extract for each of the 
different mixtures. It is also interesting to note that the higher molecular weight 
components of the gasoline are recovered in greater amounts than the lighter 
molecular weight components when compared to the neat gasoline standard. 
This data clearly exhibits the preferential adsorption of higher molecular weight 
compounds on the ACS and is consistent with previous studies reported in the 
literature. 13,20,34 
3.4.2 Medium Petroleum Distillate 
Figure 13 displays the recovery of both the oxygenates and major 
petroleum compounds in a medium petroleum distillate (charcoal lighter fluid) for 
the three different carpet types. The different colored bars represent the same 
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types of series as in Figure 12, with the only difference being the substitution of 
the medium petroleum distillate in the mixtures instead of gasoline. Again, the 
data shows that the oxygenated compounds are recovered well by the zeolites, 
and the hydrocarbons from the petroleum product are recovered well by the 
ACS. The presence of the substrates does not appear to alter the recoverability 
of either class of compounds by either of the adsorbents. 
 Figure 13. Oxygenate and Selected Hydrocarbon Recoveries from Mixtures with 
a Medium Petroleum Distillate as a Function of Adsorbent in Dual-Mode 
Extraction for Three Different Carpet Types: a.) Carpet #1- Loop, b.) Carpet #2- 
Twist, c.) Carpet #3- Texture. 
 
 It is observed again with the MPD mixtures that the higher molecular 
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components compared to the neat charcoal lighter fluid standard. This is easily 
explained by the preferential adsorption of heavier compounds on the ACS. 
Figure 14. Oxygenate and Selected Hydrocarbon Recoveries from Mixtures with 
a Heavy Petroleum Distillate as a Function of Adsorbent in Dual-Mode Extraction 
for Three Different Carpet Types: a.) Carpet #1- Loop, b.) Carpet #2- Twist, c.) 
Carpet #3- Texture. 
 
3.4.3 Heavy Petroleum Distillate 
Figure 14 displays the recovery of both the oxygenates and major 
hydrocarbon compounds in a heavy petroleum distillate (diesel) for the three 
different carpet types. As with the other two sets of data represented in Figures 
12 and 13, zeolites exhibit preferential recovery of the oxygenated compounds, 
and ACS exhibit preferential recovery of the hydrocarbons from the diesel. The 
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presence of the substrates does not inhibit the recovery or identification of either 
class of ignitable liquid. 
 It is interesting to note here that the higher molecular weight hydrocarbons 
are recovered in lower abundances by the ACS than the lighter components 
when compared to the neat diesel standard. Since the headspace extraction is 
conducted at only 60 °C, these heavier compounds are not volatilized as readily 
as the lighter compounds. As a result, the TIC that the ACS extract yielded 
appeared more similar to kerosene than diesel (Figure 15). The profiles produced 
by kerosene and diesel are very similar, with the identifying differences occurring 
where the heaviest compounds elute. The presence of pristane and phytane, 
eluting after heptadecane and octadecane respectively, is indicative of diesel 
since they are not present in kerosene. 20,32,43 Therefore, it becomes very difficult 
to distinguish between kerosene and diesel if the heavier compounds are not 
observed. It is known that lower temperatures and shorter extraction times cause 
a greater abundance of lighter molecular weight compounds to preferentially 
adsorb to the charcoal strips. This phenomenon, known as fractionation, is the 
main reason that solvent extraction is a preferable technique over heated passive 
headspace concentration for the differentiation between kerosene and diesel. 
 
  47 
Figure 15. Total Ion Chromatogram of a Mixture of Isopropanol and Diesel 
Spiked onto Carpet #1 Recovered by the Activated Charcoal Strip Desorbed in 
CS2. 
 
 
3.5 Mixtures of Petroleum Products and Oxygenates on Wood Substrates 
 3.5.1 Gasoline 
Figure 16 displays the recovery of both the oxygenates and major 
hydrocarbon compounds in gasoline for the three different wood types. A similar 
trend is observed to the gasoline mixtures with the carpet substrates. Once again 
the oxygenates are recovered preferentially by the zeolites and the hydrocarbons 
are recovered preferentially by the ACS. The wood substrates do not  
impair the recoverability of either class of compounds on the two types of 
adsorbents.  
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Figure 16. Oxygenate and Selected Hydrocarbon Recoveries from Mixtures with 
Gasoline as a Function of Adsorbent in Dual-Mode Extraction for Three Different 
Wood Types: a.) Wood #1- Pine, b.) Wood #2- White Oak, c.) Wood #3- Maple. 
 
 It is observed again that the higher molecular weight hydrocarbon 
components of the gasoline are recovered in greater amounts than the lower 
molecular weight components when compared to the neat gasoline standard. 
This is again explained by the preferential adsorption of heavier compounds on 
the ACS.  
3.5.2 Medium Petroleum Distillate 
Figure 17 displays the recovery of both the oxygenates and major 
hydrocarbon compounds in a medium petroleum distillate (charcoal lighter fluid) 
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for the three different wood types. Again, a similar pattern is observed where the 
oxygenates are preferentially recovered by the zeolites and the petroleum 
compounds are preferentially recovered by the ACS. Each of the compounds 
could be readily detected and identified using the dual-adsorbent extraction 
technique. This finding shows that the wood substrates did not impair the ability 
to detect the two different classes of compounds. 
Figure 17. Oxygenate and Selected Hydrocarbon Recoveries from Mixtures with 
a Medium Petroleum Distillate as a Function of Adsorbent in Dual-Mode 
Extraction for Three Different Wood Types: a.) Wood #1- Pine, b.) Wood #2- 
White Oak, c.) Wood #3- Maple. 
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3.5.3 Heavy Petroleum Distillate 
Figure 18 displays the recovery of both the oxygenates and major 
hydrocarbon compounds in a heavy petroleum distillate (diesel) for the three 
different wood types. As with all of the other mixtures, the oxygenates are 
preferentially recovered by the zeolites and the petroleum compounds are 
preferentially recovered by the ACS. The wood substrates did not interfere with 
the recovery or identification of the two classes of compounds. 
 
Figure 18. Oxygenate and Selected Hydrocarbon Recoveries from Mixtures with 
a Heavy Petroleum Distillate as a Function of Adsorbent in Dual-Mode Extraction 
for Three Different Wood Types: a.) Wood #1- Pine, b.) Wood #2- White Oak, c.) 
Wood #3- Maple. 
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As with the heavy petroleum distillate mixtures with the carpet substrates, 
the TIC for the diesel samples still resembled kerosene more closely than diesel 
due to the lack of heavier hydrocarbon peaks in the range of C18 and above 
(Figure 19). However, the identifying peaks of pristane and phytane for diesel are 
visible although in low abundance and not well resolved. An interesting 
observation with the TIC of the heavy petroleum distillate from the three wood 
substrates was an apparent shift in abundance to slightly higher molecular weight 
compounds compared to the carpet substrates (Figure 19 versus Figure 15). The 
five most abundant peaks in the TIC for the carpet substrates were the straight 
chain alkanes ranging from decane to tetradecane. In comparison, the five most 
abundant peaks in the TIC for the wood substrates were the straight chain 
alkanes ranging from dodecane to hexadecane. It was previously discussed for 
the carpet substrates that the low extraction temperature was preventing the 
volatilization of the heavier molecular weight compounds. This fractionation 
phenomenon still holds true with the diesel mixtures for the wood substrates 
since the molecules from nonadecane and above are not detected at all, and 
would be expected in a complete diesel profile. However, given that the 
extraction time and temperature were kept constant for all substrate types, it 
would be expected that the same molecular weight compounds would be present 
in similar abundances in the profile, assuming no matrix interference. As a result, 
this data could suggest that the carpet substrates caused some impairment in the 
recoverability of the petroleum compounds compared to the wood substrates. 
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This theory is supported by the literature, where it has been documented that 
burnt carpet and carpet padding may not sufficiently volatilize the heavier 
components of diesel fuel to be adsorbed. 20  
Figure 19. Total Ion Chromatogram of a Mixture of Isopropanol and Diesel 
Spiked onto Wood #1 Recovered by the Activated Charcoal Strip Desorbed in 
CS2. 
 
The abundance of each of the hydrocarbon compounds from the heavy 
petroleum distillate with the wood substrates in Figure 18 is also much more 
evenly distributed in comparison to the hydrocarbon compounds with the carpet 
substrates. The tridecane and tetradecane from the diesel mixture extraction with 
the carpet substrates (Figure 14) are recovered in lower abundances compared 
to the decane, undecane and dodecane. This observation is easily explained by 
the low extraction temperature (60 °C); however, it is interesting that the same 
type of pattern is not observed with the wood substrates. It is known that the ACS 
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preferentially adsorbs higher molecular weight compounds, so it is possible that 
the pentadecane and hexadecane are not as readily volatilized as the dodecane, 
tridecane and tetradecane, but that they are recovered in comparable amounts 
on the ACS due to their preferential adsorption over those lower molecular 
weight compounds. 
 
3.6 Recovery of Oxygenates as a Variable of Total Available Surface Area of 
the Adsorbents 
 Total available surface areas were calculated for the zeolite beads and 
ACS by multiplying the recorded weights (Table 9) by the reported surface area 
values for each (675 m2/g for the zeolites as reported by the manufacturer and 
1128 m2/g for the ACS as reported in the literature). 34 It is interesting to note that 
the weights recorded for 64 zeolite beads are significantly lower than the 511 mg 
calculated previously by St. Pierre that was used to create a “zeolite packet” 
utilized throughout the work presented by Gugliotta, Rodgers, and in the previous 
experiments detailed in this work. 22-24 This difference can be attributed to a 
switch in lot numbers of the zeolite bead product as well as the individual 
variation of the size and weight of each zeolite bead. 
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Table 9. Average Recorded Weights of Adsorbents Used to Calculate Total 
Available Surface Areas. 
Adsorbent Average Weight of Adsorbents (g) Ethanol Isopropanol Acetone 
16 beads 0.1103 0.1093 0.0998 
32 beads 0.2187 0.2306 0.2083 
64 beads 0.4105 0.4367 0.3939 
1 ACS 0.0753 0.0754 0.0744 
2 ACS 0.1525 0.1533 0.1474 
3.5 ACS 0.2658 0.2644 0.2607 
 
Figure 20 shows the recovery of the individual oxygenated compounds as 
a function of varying total available surface areas without substrate matrix 
interactions or interferences. The purpose of this experiment was to determine 
whether or not the improved recovery of the oxygenates by the zeolites 
compared to the ACS was a function of the amount of zeolites used in a single 
packet having a greater total available surface area compared to the typical ½ 
ACS. 
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 Figure 20. Recovery of Oxygenated Compounds with Varying Total Available 
Surface Areas of Adsorbents: a.) Ethanol, b.) Isopropanol, c.) Acetone. 
 
As the figure shows, the ACS, denoted by the blue diamond markers, 
have statistically significant increased recovery of all three oxygenates compared 
to the zeolites at normalized total available surface areas. The zeolite point with 
the highest average total available surface area represents 64 zeolite beads. In 
contrast, the ACS point with the lowest average total available surface area 
represents 1 ACS, which is twice what was used in the mixture experiments in 
this work as well as in competitive adsorption studies and comparison studies 
conducted previously. 22-24 In Figure 20a and 20b it can be seen that the recovery 
of the isopropanol and ethanol for these two specific points is approximately 
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equal. This is consistent with 64 zeolite beads exhibiting increased recovery 
when comparing to only a ½ ACS, as observed in previous research. 22-24 For 
acetone, seen in Figure 20c, the ACS still has statistically significant increased 
recovery in 1 ACS compared to the 64 zeolite beads. Generally though, with all 
other experimental factors and considerations kept constant, the ACS outperform 
the zeolites when the amount of total available surface area between the two is 
normalized. 
One important factor when considering these results is that the desorption 
solvent used for both the ACS and zeolites in this experiment was methanol. In a 
traditional heated passive headspace concentration either pentane or CS2 is 
used to desorb the ACS since most ignitable liquids tend to be petroleum 
derived. Therefore, under these conditions, the difficulty in the recovery of 
oxygenated compounds can be attributed to the choice in desorption solvent, 
rather than the adsorbent itself. This data supports previous research conducted 
by Rodgers (Figure 21), which shows similar recoveries of the oxygenated 
compounds by a ½ ACS desorbed in MeOH in comparison to one “zeolite 
packet” desorbed in MeOH. 23 
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Figure 21. Data Obtained in Rodgers’ Optimization of Oven Time and 
Temperature Study. 23 Samples Were Heated for Two Hours at 85-90 °C. 
Reproduced with Permission. 
 
Since the identity of an ignitable liquid, if present, in a case sample is 
unknown, if the ACS desorbed with pentane or CS2 yields no results, the same 
ACS could be desorbed a second time with methanol. It is possible that 
oxygenated molecules that were adsorbed to the ACS in the heated headspace 
are not being detected in the analysis due to their low solubility in the typical non-
polar desorption solvent. If there is simply an issue of solubility during desorption, 
these molecules will remain mostly adsorbed to the ACS after the first desorption 
with the non-polar solvent. Then, if the strip is desorbed a second time with a 
polar solvent, the oxygenated compounds should elute from the ACS due to their 
increased solubility in polar solvents. Therefore, this process of numerous 
desorptions of the same adsorbent could preclude the analyst from having to 
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conduct numerous headspace extractions thereby saving time, while still being 
able to recover and detect various classes of ignitable liquids despite their 
differences in chemical characteristics. Alternatively, a single charcoal strip could 
be cut in half, with one half desorbed in a non-polar solvent, such as CS2, while 
the other half could be desorbed in a polar solvent, such as methanol. Recent 
communications with an experienced fire debris analyst have indicated that this 
method has been tested with promising results. However, additional research is 
needed in order to evaluate the efficacy of this hypothesis since the experimental 
results of this method remain unpublished. 
 Another important consideration when comparing the efficiency of the 
ACS and the zeolites is the cost of the adsorbents. Since most forensic 
laboratories are run as part of government organizations, budgets are usually 
constrained. This limited funding requires the labs to implement cost effective 
procedures in order to run efficiently. In 2013, the price of a jar containing 100 
ACS is $375 (Albrayco Technologies Inc., Cromwell, CT), averaging $3.75 per 1 
ACS or approximately $1.87 for a ½ ACS. Conversely, a 500 g container of 
zeolite 13X (8x12 mesh) beads costs $7 (Zeochem LLC., Louisville, KY), 
resulting in a price of less than one cent (~$0.007) for the zeolites in a single 
zeolite packet (at approximately 0.5 grams). Since the zeolite packet also 
requires the added cost of the loose-leaf tea bags as a structural support in order 
to contain the zeolite beads, that cost must be factored in. At $5 per 100 loose-
leaf tea bags, each tea bag would add an additional $0.05 to the cost of the 
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zeolite beads. Therefore, each zeolite packet could be produced for less than six 
cents. For the price of one ½ ACS, almost 35 completed zeolite packets could be 
produced. The zeolite packets, in addition to being significantly cheaper than the 
ACS, have nearly ten times the total available surface area compared to one ½ 
ACS. As this experiment showed, the 64 zeolite beads in a single zeolite packet 
could provide a similar recovery of oxygenated compounds as using a full ACS. 
However, for the price of one full ACS, almost 70 zeolite packets could be used.
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4 CONCLUSIONS 
 Heated headspace concentration using zeolite 13X instead of activated 
charcoal strips is capable of recovering oxygenated compounds from realistic 
mock fire debris evidence in detectable quantities without background 
interference from a variety of carpet and wood substrates. None of the substrates 
explored in this work, in either burnt or unburnt states, cause interference with 
any of the oxygenated ignitable liquids studied. Trace amounts of 1-butanol and 
acetic acid were identified in both carpet and wood substrate controls, however 
these peaks were not of considerable abundance compared to the baseline, and 
would therefore not qualify for an identification of an oxygenated solvent based 
on the ASTM standard guidelines. 21  
Ethanol, isopropanol and acetone can be easily recovered and identified 
from common substrate matrices in a variety of burn conditions with spiking 
volumes of only 10 µL. Generally, oxygenated compounds are recovered in 
greater abundances from carpets that were burnt/spiked compared to 
unburnt/spiked, with the lowest recovery observed when spiked/burnt due to 
vaporization of the analytes during the burning process. For wood substrates, 
about equal recoveries of oxygenated compounds are observed in both the 
unburnt/spiked and burnt/spiked conditions, with spiked/burnt again displaying 
the lowest recoveries. 
 When utilizing both zeolites and ACS in a dual-adsorbent mode, the 
zeolites when desorbed in methanol show preferential recovery of oxygenated 
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compounds, while the ACS when desorbed in CS2 show preferential recovery of 
petroleum products. This dual-mode heated headspace extraction is therefore 
capable of recovering and detecting a variety of ignitable liquid classes from 
various carpet and wood substrate matrices within a single experimental 
extraction. This data supports previous competitive adsorption studies by 
Rodgers, and further shows that the method is still reliable and reproducible even 
in the presence of substrate matrices that are frequently encountered in fire 
debris analysis. 10,23 This type of procedure could save an analyst time by 
precluding the need for a second extraction should the first extraction yield 
negative results. 
 When the ACS and zeolites are both desorbed with methanol, the ACS is 
capable of greater recoveries of the oxygenated compounds compared to the 
zeolites with normalized total available surface areas. Previous research by 
Rodgers supports this finding, exhibiting comparable recoveries of the 
oxygenated compounds with a ½ ACS desorbed in MeOH and a “zeolite packet” 
desorbed in MeOH. 23 Therefore, a secondary desorption of an ACS using a 
polar solvent could yield favorable recovery of oxygenated ignitable liquids; but 
further research would be needed to exhibit this technique experimentally. 
 Despite the improved performance of the ACS over the zeolites when all 
other experimental factors are kept constant, the zeolites are available at a 
significantly reduced price in comparison to the ACS. Therefore, a greater 
number of zeolites could be utilized in order to equal the performance of the ACS 
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for a fraction of the cost. This consideration causes the zeolites to remain a 
desirable alternative to ACS adsorbents since most forensic laboratories operate 
under a limited budget. However, research regarding numerous desorptions of 
the ACS should be conducted in order to determine if the difficulty in the recovery 
of the oxygenated ignitable liquids could be resolved utilizing supplies that are 
currently available within forensic laboratories.  
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5 FUTURE DIRECTIONS 
 A greater number of substrates should be explored in order to further 
investigate the possibility of interference due to inherent substrate composition 
as well as products of incomplete combustion due to the process of burning. 
Although the substrates explored in this work did not show cause for concern in 
this area, they represent only a miniscule fraction of the available materials used 
in homes and other structures. It is likely that other types of carpet, carpet 
padding, or wood could cause complex interferences that were not observed in 
this research. Also, more research is needed in order to fully understand how the 
composition, structure, and burn state of carpet substrates affects the recovery of 
ignitable liquid compounds. 
 In addition, only chemical grade reagents were used to serve as the 
oxygenated ignitable liquids. Since these products are not readily accessible to 
most of the general public, more realistic commercial products should be tested. 
Examples of possible commercial products include but are not limited to liquor, 
rubbing alcohol, nail polish remover, and household cleaning products. Other 
compounds found in these products will most likely complicate the TIC for 
identification of the oxygenated compounds. It is also possible that these other 
chemicals could have products of incomplete combustion that could cause 
interference in the detection and identification of the target compounds. It is 
unknown from this work how the mixture of chemicals in a commercial product 
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may interact with the substrates in various burn conditions, and what 
complications if any this could cause the analyst in their interpretations. 
 More research is needed in order to determine the lower limit of detection 
for the oxygenated compounds utilizing this method. A volume of 10 µL was 
easily detected from all six substrates, even when a portion of this volume was 
inevitably lost due to burning after the spiking process. Gradually smaller 
volumes should be tested to determine at what volume or concentration it 
becomes difficult to identify a peak conclusively from the background noise. 
Concentrations as low as 0.1 µL/mL were detected when injected in neat 
solutions, however 100% recovery of a spiked volume is unlikely. Therefore, it 
may be that 0.1 µL spiked for heated passive headspace concentration would not 
be detectable. 
 Additional research is also needed into the mechanism by which the 
zeolites are capable of adsorbing these small, oxygenated molecules. It was 
originally hypothesized that the alumino-silicate materials with cationic charge 
stabilizers would be more suitable for adsorption of these small polar compounds 
in comparison to the activated charcoal. However, when total available surface 
areas of the two solid adsorbents were normalized, the activated charcoal 
outperformed the zeolites in the recovery of all the oxygenated compounds 
explored in this work. The physical chemistry behind the adsorption and 
desorption of molecules to the zeolite surfaces should be explored so that 
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optimal conditions could be utilized during the adsorption and desorption 
processes. 
 Humidity is also a factor that could affect the efficacy of the zeolites for 
adsorption. Although there has been some previous research exploring the 
effects of humidity on the recovery of acetone, more work is needed in order to 
determine the proper storage conditions and priming procedures required for 
optimal recovery of oxygenated compounds. St. Pierre showed a measurable 
difference in the weight of zeolite beads that were stored at ambient temperature 
conditions compared to those that were heated in an oven prior to use. 24 This 
data clearly shows that the zeolites are capable of adsorbing water molecules, 
however it is unknown at this time which compounds may be preferentially 
adsorbed by the zeolites. Recovery experiments should be carried out for 
numerous oxygenated compounds both with and without oven drying prior to 
extraction in order to determine whether or not water molecules may be 
preferentially adsorbed over other oxygenated compounds. The zeolites could 
also be saturated with water prior to heated passive headspace concentration in 
order to determine whether or not other oxygenated compounds might displace 
the water molecules, or if the water preferentially stays adsorbed to the surface. 
 In addition, since water is used to extinguish most fires, more research is 
needed to determine whether or not oxygenated compounds can be detected 
and identified in substrates spiked with oxygenated ignitable liquids and then 
extinguished with water. Initial steps were taken in previous research projects to 
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study this particular issue, however more realistic scenarios are needed in order 
to provide insight for proper sample preparation to enhance recovery in these 
situations. 
 An area that requires particular attention in future research is the process 
of numerous desorptions of an ACS using different desorption solvents. Previous 
research by Rodgers showed that there was a considerable increase in the 
recovery of oxygenated ignitable liquids from ACS that were desorbed in MeOH 
compared to ACS that were desorbed in CS2. Given that the spiking volume, 
oven extraction conditions, and desorption conditions remained constant in this 
experiment, it logically follows that the lower observed recovery in CS2 is due to 
the nature of the desorption solvent. 23 The oxygenated compounds are less 
soluble in CS2 than MeOH because of simple solubility rules which suggests that 
a secondary desorption of an ACS, previously desorbed in CS2, with MeOH 
would elute any remaining adsorbed oxygenated molecules. Although this theory 
is based on proven scientific properties, no experimental data currently exists to 
support its use. An experiment should be conducted in which heated passive 
headspace concentration of oxygenated compounds is carried out utilizing an 
ACS that is initially desorbed with CS2, and then desorbed with MeOH in order to 
determine if the oxygenates can be recovered with increased abundance by the 
secondary MeOH extract.
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